limiting exposure pathways via wind and water erosion, and preventing the vertical migration of contaminants to 
zosphere of plants growing on contaminated substrates is altered through changes in the pH, the redox potential, the ionic strength, and ligand concentrations of the T he use of trees in phytoremediation of contamisoil solution. These changes can be attributed to element nated land is receiving increased attention. Dickinuptake and solution flow to the roots, changes in redox son (2000) argues that there is sufficient evidence to conconditions, plant-induced changes in solution chemistry, sider the use of trees in reclamation as part of a realistic, increased sorption on living and dead plant material, integrated, low-cost, ecologically sound, and sustainable and the exudation of organics by the roots (Nye, 1981; strategy for contaminated land. In recent years, research McLaughlin et al., 1998; Hinsinger, 2000) . While multihas focused on planting willows on land contaminated ple studies have characterized the fractionation of heavy with heavy metals, radionuclides, and other pollutants metals in bulk and rhizosphere soil of agronomic and (Perttu and Kowalik, 1997; Vandenhove et al., 2001;  herbaceous species, similar data are rare for tree stands Pulford and Watson, 2003) . Willow stands are apprecigrowing on contaminated substrates. ated as effective vegetation covers that recycle nutrients
The drying of anoxic sediment, for example after upand accumulate pollutants in their tissues. Planting land disposal, results in changes in pH, redox conditions, phreatophytic trees such as willows may further contriband the solubility of trace elements (Tack et al., 1996 ; ute to the stabilization of metals by stabilizing wastes, Singh et al., 1998) . The introduction of a willow vegetation cover on hydraulically raised sediment can influence oxidation and drying through increased evapora-on metal extractability in dredged sediment. The shortRhizobox Experiment term effect of willow growth on metal behavior in dry Two large rhizoboxes (40 cm long ϫ 30 cm wide ϫ 30 cm sediment and during the ripening of fresh anoxic sedihigh), modified from Youssef and Chino (1988) , were filled ment was determined in a greenhouse with a rhizobox with dry and fresh sediment (Fig. 1) . The dried sediment was experiment. Longer-term effects were observed under previously brought to 30% water content with deionized water to allow plant growth. Each rhizobox featured a rhizosphere field conditions. and two bulk soil compartments. Dimensions of the rhizosphere compartment were 40 ϫ 2 ϫ 30 cm. Nylon mesh (50-m pore size) was used to separate the rhizosphere and bulk soil com-
MATERIALS AND METHODS
partments. Two boxes with the same dimensions, but without
Sediment Characterization and Effect
compartmentalization, were filled with fresh and dried sediof Forced Air-Drying ment to act as wet and dry control treatments, respectively. The rhizoboxes were planted by horizontally placing three In the first experiment, the short-term effect of willow roots basket willow (Salix viminalis L. 'Orm') cuttings (35 cm) on on the metal availability in sediments was assessed. Fresh the sediment in the rhizosphere compartment. Shoot and root anoxic sediment from the river Leie (Roeselare) was collected growth on the cuttings in this compartment started 1 wk after from a dredging barge and transported in 25-L containers planting. Plants were watered regularly with deionized water for use in the rhizobox greenhouse experiment. Part of this to keep the moisture content of the dried and fresh sediment sediment was dried at 105ЊC in a forced air oven to constant around 30 and 40%, respectively. The moisture content of weight while another part was kept immersed under a water the sediment at field capacity was 35%. Water content was layer to prevent oxidation. The dried and anoxic sediments measured at regular intervals during the trial using a time were sampled (n ϭ 4) for an initial characterization. The dried domain reflectometry probe. Control boxes received the same sediment was thoroughly mixed and subsequently subsampled amount of water as the corresponding rhizoboxes. The temperwith a spoon. Samples from the wet sediment were obtained ature in the greenhouse was kept at approximately 20ЊC, and with a small auger. Care was taken to minimize oxidation of mean relative humidity was maintained around 45% during the anoxic sediment by storing the samples in a N 2 atmosphere the whole trial. A light regimen of 16 h light and 8 h dark immediately after sampling and flushing glassware with N 2 was applied. before use. The dried sediment samples were ground, sieved
The willows were grown for 75 d. After this period, the (2-mm mesh), and analyzed for total nitrogen, carbon, and sediment in the rhizosphere compartment of the anoxic sedicarbonate content and total Cd, Zn, Cu, and Pb content. Total ment rhizobox was densely penetrated with roots. Willows in nitrogen was determined with the Kjeldahl method, carbon the rhizobox filled with dry sediment, however, wilted and was measured using the Walkley and Black method (organic died 2.5 wk after the start of the experiment. Only minimal matter [OM] ϭ C% ϫ 1.72), and the amount of carbonates rooting was observed in the dried sediment, and this was was determined gravimetrically. The total metal concentraattributed to compaction and subsequent lack of aeration of tions were determined with an acid extraction (aqua regia the substrate. The compaction was the result of swelling and mixture). The particle size distribution of the sediment was shrinking of the sediment after the repeated wetting of the determined using the pipette procedure proposed by Gee and dried sediment. We therefore decided not to sample the differBauder (1986). The redox potential of the fresh sediment was ent compartments of this rhizobox and to consider only the measured with a platinum electrode and a saturated calomel rhizobox with initially anoxic sediment in the experiment. The electrode as the reference electrode. Measurements were redox potential was measured in situ before sampling the made by inserting the electrodes directly into the sediment sediment from the rhizoboxes and control boxes. Roots were following stabilization. A water extraction procedure was used separated from the rhizosphere sediment with faucets. Only to investigate metal leachability. Water extracts of the anoxic sediment from the center of each compartment or control box and dried sediment were prepared following 2 h of reciprocal was used to determine metal availability. This sediment was shaking of a 1:2 sediment to deionized water suspension. The sampled three times for each of the treatments. The rest of the sediment, which had made contact with the box or nylon, resulting sediment paste was filtered under vacuum onto a was discarded. Sampling and sediment preparation were perBuchner funnel fitted with filter paper (589 2 , White Ribbon; formed under inert conditions (with N 2 ) in a glove bag. The Schleicher & Schuell BioScience, Dassel/Relliehausen, Gersampled sediment was stored at 4ЊC in plastic bags flushed with many), and subsequently through a 0.45-m filter. Water ex-N 2 . Extraction and analysis of the sediments were performed tracts were subsequently analyzed for pH, electrical conductivwithin 3 d of sampling. Every sample was subsequently exity (EC), SO 4 2Ϫ , NO 3 Ϫ , dissolved organic carbon (DOC), Cd, Zn, Cu, and Pb. The DOC concentrations were obtained by subtracting the inorganic carbon concentration from the total C concentrations of each extract. Total C and inorganic C were analyzed on a Shimadzu (Kyoto, Japan) TOC-5000 analyzer. Concentrations of SO 4 2Ϫ and NO 3 Ϫ were determined on a Dionex (Sunnyvale, CA) 200 ion chromatograph. Readily exchangeable and more persistently bound metals were extracted with 1 M ammonium acetate at pH 7 and 0.5 M ammonium acetate-EDTA at pH 4.65, respectively (2 h reciprocal shaking of a 1:5 sediment to extractant suspension). Metal concentrations in all extracts were analyzed on a graphite furnace atomic absorption spectrophotometer (GFAAS) (AA-1475 with GTA-95; Varian, Palo Alto, CA) or a flame atomic absorption spectrophotometer (AAS) (Varian SpectrAA-10), depending on required detection limits. tracted with deionized water, ammonium acetate at pH 7, and anoxic sediment was Ϫ220 mV, indicating that the sediammonium acetate-EDTA at pH 4.65 as described earlier.
ment was strongly reduced. The moisture content at the The same parameters measured on the extracts of the initial time of collection of the sediment was 50.2 Ϯ 1.7%. dry and anoxic sediment were measured on each of the extracts rhizosphere, wet control, dry control, dried, and anoxic.
Concentrations of Cd, Zn, Cu, and Pb were determined by The parameters measured in the water extracts are rep-AAS (Varian SpectrAA-10).
resented in Table 3 . Before describing the effects of the willow roots on metal availability, the changes in metal Field Trial Design extractability as a result of forced air-drying are pre-
To assess longer-term effects, the root zone in an existing sented.
stand of almond willow (Salix triandra L. 'Noir de Villaines') was sampled in the field. This stand is 6 yr old and is located in reduced sediment, which can be explained by their association with metal sulfides. These minerals tend to
RESULTS AND DISCUSSION
be very stable (insoluble) under reduced conditions beThe sediment used in the rhizobox experiment was cause the metal-sulfide bonds tend to be highly covafine-textured material with high organic matter and carlent. (Hesterberg, 1998) . The oxidation of these metal bonate content (Table 1 ). The redox potential of the sulfides during aeration and oxidation results in the acidification of the sediment and the release of these previously immobilized metals (Satawathananont et al., 1991) . The oxidation of sulfides in our trial resulted in an increase of soluble SO 4 2Ϫ from 22 Ϯ 4.8 to 1206 Ϯ are known to preferentially adsorb Pb over other metals 52.5 mg/kg and a release of heavy metals (Table 3) . The (Alloway, 1995) . However, the latter is not expected to oxidation of sulfides can have drastic effects on sediment be present in our sediments. A sharp drop in pH after pH if carbonates are not sufficiently present to provide consumption of all carbonates would still result in debuffering. For example, Brandon et al. (1993) reported sorption of Pb from hydrous oxides and clay minerals a drop in pH from 7.6 to 3.2 as a result of drying and (Yong et al., 1990) . oxidation of sediment during a 3-yr period. As a result Drying of the sediment at 105ЊC to constant weight of the high carbonate concentrations and subsequent in a forced air oven increased the amount of DOC in buffering capacity of the sediment used in this trial, pH the water extracts by almost a factor of 4. This increase dropped by approximately 1 unit and remained neutral.
can be explained by the consumption of inorganic C Such a small shift can, however, strongly affect dissolved and the release of previously bound organic carbon durmetal levels, as metal solubility increases strongly for ing oxidation. Cd, Zn, Pb, and Zn in oxidized sediment as a function of decreasing pH (Tack et al., 1996) .
Effect of Root Growth on Metal Availability
Other processes can re-immobilize released metals in Reduced Sediment after oxidation of the sediment, but perhaps not as effec-
The extractability of Cd, Zn, and Cu for the three tively (Gambrell, 1994) . It is well established that iron extraction procedures was higher in the rhizosphere oxides effectively adsorb most trace and heavy metal compartment compared with the bulk and wet control cations (Jenne, 1968) . Stephens et al. (2001) reported a sediments (Table 2 ). Water concentrations of Cd, Zn, decrease in metal leachability in oxidizing sediment and Cu in water extracts of the bulk and wet control after an initial 7-wk increase. The small increase in Pb were not significantly different; however, the ammoconcentration as a result of drying may be due to strong nium acetate at pH 7 extracts yielded significantly more re-association with iron oxyhydroxides, which are Cd and Cu from the bulk compartment compared with formed during the oxidation of the sediment. Two of the common hydrous iron oxides, ferrihydrite and hematite, the unplanted wet control. Results for Pb however were not that straightforward. The water and ammonium aceanions in plant roots (Nye, 1981) . When a larger net tate at pH 7 extraction showed higher available Pb coninflux of cations than anions occurs, protons are released centrations in the bulk compartment compared with the to compensate for an excess of positive charges. Plants rhizosphere compartment while with the ammonium release hydroxyl or bicarbonate ions in the reverse case acetate-EDTA at pH 4.65 extraction exhibited only (Haynes, 1990) . Results of our experiments indicated small differences between these compartments. The pH that the increased oxidation of the rhizosphere enof the rhizosphere sediment was 0.4 and 0.2 units lower hanced the oxidation of sulfides, resulting in a lower compared with the wet control and bulk treatment, repH and the release of heavy metals. Root induced oxidaspectively.
tion of Fe 2ϩ (and Mn 2ϩ ) is also associated with the proMoisture contents at the time of sampling for the duction of H ϩ , which decreases rhizosphere pH (Begg different compartments and control treatments were as et al., 1994). Carbonates are also known for their potenfollows: rhizosphere, 40.6%; bulk, 42.9%; wet control, tial role in the immobilization of heavy metals in soil. 44.0%; and dry control, 24.7%. The redox potential Thus, the dissolution of carbonates also may have enmeasurements indicated that the sediment from all treathanced metal mobility in these experiments. ments was oxidized at the time of sampling. Readings
The solubility of Pb appeared to be less pH dependent were positive, but highly unstable, so no well-defined and was controlled by other processes. The Pb concenredox potentials could be determined.
trations in the water and ammonium acetate extracts A common pattern of Cd, Zn, and Cu extractability from rhizosphere sediments were lower than those from was observed for the three types of extraction solutions bulk sediments, but comparable with the concentrations used, ranging as follows: dry control Ͼ rhizosphere Ͼ found in extracts of the wet control. The formation of bulk Ͼ wet control Ͼ anoxic sediment. Concentrations oxyhydroxides in the better-aerated rhizosphere comof these metals in the ammonium acetate at pH 7 expartment could explain this difference. tracts of the rhizosphere and dry control samples were
The repeated wetting of the dry sediment (105ЊC) in most comparable. When focusing on the results of the the dry control box for 75 d resulted in an increase of water extracts, almost the same order was observed for extractable Cd, Zn, and Pb. This coincided with a small the DOC concentration and the moisture content of the pH increase from 6.5 to 6.7. However, Cu became less extracted samples; however, the DOC concentrations soluble in this period. As Cu can strongly complex with of the bulk and anoxic treatments were inverted. The organic matter (Livens, 1991) , it is likely that Cu, prepH increased in the following order: dry (105ЊC) Ͻ dry viously released as a result of forced air-drying, recontrol Ͻ rhizosphere Ͻ bulk Ͻ wet control ≈ anoxic.
formed stable complexes with the organic matter presPearson correlation coefficients for the 16 samples of ent in the sediment. the bulk, rhizosphere, wet, dry, and anoxic treatments Organic matter and nitrogen concentrations meaextracted with water quantified this correlation (Table 4) . sured at the end of the trial in bulk, rhizosphere, and Except for soluble Pb, the strong correlations indicated wet and dry controls were not significantly different that the effects of plant growth on water extract charac- (Table 5 ). They were, however, significantly lower then teristics are comparable with that of drying; that is, pH (2000), except for the extractability of Pb. pronounced in the dry control. The rhizosphere was They evaluated the effect of plant growth (maize, rape, slightly enriched with OM compared with the bulk sediand ryegrass) on the leaching of heavy metals from ment, but featured a lower N content.
dredged sediment in a pot experiment. Plant growth Table 6 presents the metal concentrations measured resulted in a better aeration and oxidation of the sediin the different biomass compartments. The highest ment in the root zone, and leachate conductivity and metal concentrations were found in the roots, but only DOC concentrations were consistently higher in potted Cd and Cu showed bioconcentration factors (BCF) of plants. Cadmium, Zn, Cu, and Pb concentrations were Ͼ1. Metal accumulation in the aboveground biomass all higher in the leachates from the potted plants comcompartments was low.
pared with control pots. However, they found no evoluThe increase in Cd, Zn, and Cu extractability and tion of the sediment matrix pH over the course of the decrease in pH after 75 d of willow growth can be attribexperiment. Only in the case of rape was a decrease in uted mostly to the indirect effect of increased oxidation leachate pH observed, but this change had little effect as a result of aeration and evapotranspiration. Willow on heavy metal mobility. Recently, Hammer and Keller roots in anoxic substrates are known to meet their oxy-(2002) described the metal extractability in the rhizogen demand by generating a convective gas flow through sphere of willows grown in oxic Swiss soils. They repressurized ventilation (Grosse et al., 1996) . Surplus ported a depletion of readily available Cd, Cu, and Zn oxygen is excreted and results in higher redox potentials (NaNO 3 extraction) in the rhizosphere, which was alin the rhizosphere, thereby protecting the root system ways lower than quantities taken up by the plant. They from high concentrations of organic solutes and Fe Two years of willow root growth had significant efrhizosphere resulting in oxidation (Hook, 1984) . When fects on the chemical characteristics and metal contents lenticels, which channel O 2 to the adventitious roots, of the sediments (Table 7) . The rhizosphere sediment were blocked, the diffusion of O 2 into willow roots is featured higher organic matter and nitrogen contents, stopped, and the oxidation of the rhizosphere is halted. a slightly higher pH, and lower salt content compared As the willow roots increased the oxidation of the rhizowith the bulk sediment. The total Cd, Zn, Cu, and Pb sphere in our experiment, this resulted in higher Cd, concentrations were lower in the rhizosphere sediment. Zn, and Cu availability in the root zone. This increased These differences were significant for Cd, Cu, and Pb. that in conventional plantings the high evapotranspiration of willow stands may result in a decreased downThe concentrations of Cd and Zn in both the ammonium acetate and ammonium acetate-EDTA fractions of the ward water movement compared with unplanted soil. While measurements of heavy metal availability in the rhizosphere sediment were also lower. This indicates that certain fractions, even from the more strongly root zone are usually performed in pot experiments or during the growing season in field trials, the behavior bound ammonium acetate-EDTA (pH 4.56), were lost despite the slightly higher pH in the root zone. Copper of metals in the root zone during the dormant season may be crucial to assess the ecological risk of planting was more available in the rhizosphere for both ammonium acetate extractions, which probably released Cu trees on contaminated sites. During winter, roots are less active, evapotranspiration is minimal, and precipitaassociated with organic matter. The same was observed for Pb with the ammonium acetate (pH 7) extraction. tion is high. Hence, care should be taken that metals mobilized during the growing season, but retained in The root zone sediment was highly structuredfeaturing fine aggregates-and was very permeable. The the root zone through hydraulic control, are not leached during the winter season. bulk soil did not feature fine aggregates and was still compact and unstructured. These observations suggest Field observations on the influence of tree growth on metal mobility are scarce, and findings are often that a fraction of all the investigated metals leached during the two years of root growth. The significantly contradictory. Eriksson and Ledin (1999) found that long-term cropping of willow resulted in a 30 to 40% lower salt content in the water extracts of the rhizosphere sediment supports this conclusion. Part of this decrease in plant-available Cd, although the effects on concentrations of total Cd were negligible. Their data lost fraction could also be incorporated in the aboveground biomass, although metal concentrations in the on exchangeable Cd also showed that uptake occurred throughout the soil profile and that the involved Cd wood were low. Metal concentrations in the water extracts were slightly higher in the rhizosphere compared pool was large. Pulford et al. (2002) showed that the concentrations of EDTA-extractable Cd, Cu, Ni, and with bulk sediment, except for Zn, indicating that more metals were directly available for leaching through the Zn in sewage-sludge-amended soil were higher under willows than in unplanted areas. Klassen et al. (2000) root zone. Metal concentrations in the biomass were highest in the adventitious root compartment (Table 6) .
investigated the behavior of Pb in the root zone of birch planted on contaminated soil (3000 mg/kg) and mine Only Cd and Zn were further translocated to aboveground compartments. Cadmium was the only element tailings (13 000 mg/kg). As a result of Pb exclusion by birch, the rhizosphere became enriched with Pb in both that truly accumulated in the whole plant (bioconcentration factors Ͼ1).
treatments. Planting did not affect the leaching of Pb from the contaminated soil and there were indications The aim of phytostabilization techniques is to render heavy metals more immobile and reduce the chemical that Pb became more immobilized, yet the amount of Pb leached from the highly contaminated mine tailings and physical risks to the environment. The trials investigating the short-and long-term effects of willow root increased. Zhu et al. (1999) , on the other hand, reported that the establishment of a grass cover could reduce Pb growth on metal availability suggest that planting willow crops on contaminated sediments can increase the risk movement, but enhance short-term Cd and Zn leaching. Garten (1999) modeled the effect of a forest cover of heavy metal leaching. Cadmium, Zn, and Cu became more available during ripening and oxidation of the on 90 Sr leaching. Losses from the contaminated soil were reduced by 16% under forest compared with grass sediment as a result of increased oxidation of the root zone. Subsequently, a fraction of the metals was lost as a result of greater evapotranspiration. Furthermore, Schnoor (2000) reported that metal percolation under due to leaching in the aggregated and permeable root zone. However, it must be mentioned that the trial prepoplar trees was comparable with that under a clay cap. These findings suggest that when using plants to restore sented here can be considered a worst-case scenario; an extremely dense root zone was compared with comcontaminated soils, increases in metal availability in the root zone with the increased risk of metal leaching must pletely unrooted and biologically inactive sediment. In addition, the presence of the roots altered the ripening be considered. sediment in such a manner that the physical characteristics became completely different from the unrooted sed-CONCLUSIONS iment. Sediment in the root zone became better structured and aggregated and thus more permeable for Since the revegetation of contaminated sites has redownward water flow. With a normal root density, as ceived increasing attention in recent years, more attenfound in contaminated oxic soils, the effects would be tion should be paid to the behavior of heavy metals less profound. When oxic soils are planted, the introducin the root zone. The leaching of heavy metals under tion of a root system does not dramatically change the forested polluted sites is an important pathway for metphysical characteristics of the root zone as observed in als to disperse to the wider environment. The two trials this trial. However, living and dying roots can create presented in this paper showed that the introduction of pathways of preferential flow for percolating water dense willow root systems could significantly alter the (Gish et al., 1998) . In this case, water movement through availability and the extractability of heavy metals in the rooted sediment increased as a result of the imthe root zone. Seventy-five days of willow root growth increased extractability of Cd, Zn, and Cu after inproved sediment structure; however, it can be argued 
